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INTRODUCTION 

The neutrino oscillation parameters are an important 
component to construct a theory for lepton masses and 
mixings. In lepton mass models, any observables de- 
scribing deviations from potential symmetries turn out 
to be good performance indicators, which can be used 
to test the model parameter space. For example, the yet 
unknown value of sin^20i3 and the neutrino mass hier- 
archy are indicative for certain classes of models found 
in the literature, such as flavor symmetries or grand 
unified theories [1]. Similarly, deviations from maximal 
atmospheric mixing [2] may describe deviations from 
a V^-Vt symmetry, and the phenomenological relation- 
ship 012 + 0c — ("quark-lepton complementarity") 
may be a performance indicator for quark-lepton unifica- 
tion [3]. In addition, there may be a connection between 
8ce and leptogenesis, which motivates the search for lep- 
tonic CP violation. 

Three-flavor neutrino oscillations can be described by 
six parameters: The solar parameters Am2j and dn, the 
atmospheric parameters Amjj and 023 . the small mix- 
ing angle 0i3, and the leptonic Dirac CP phase 5cp. 
At this time, we know the solar and atmospheric os- 
cillation parameters very well, but we do not know the 
sign of Amji (neutrino mass hierarchy), the value of 0i3 
(we only have an upper bound for), and the leptonic CP 
phase (see, e.g., Ref. [4]). In this talk, we therefore fo- 
cus on the discoveries of (nonzero) sin^20i3, the neu- 
trino mass hierarchy, and leptonic CP violation by means 
of a neutrino factory [5, 6, 7] producing neutrinos by 
muon decays in straight sections of a storage ring. The 
unprecedented reach and accuracy of a neutrino factory, 
and the broad scope of physics that can be explored 
has been discussed in detail in several studies (see, e.g., 
Refs. [8,9, 10, 11, 12, 13, 14, 15]). In particular, recently, 
the resolution of various degeneracies [12, 16, 17, 18] has 
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FIGURE 1. Fraction of 5cp, for which CP violation can be 
discovered, as function of the true 5cp for various different op- 
tions (3ct). The three different optimization regions discussed 
in this talk are marked by different shadings and arrows. Similar 
figure as in Ref. [15]. 



been an important topic. 

For the optimization of a neutrino factory, different 
sin^20i3 ranges are relevant which are illustrated in Fig- 
ure 1 for the CP violation measurement. In this figure, 
we show the fraction of all possible (true) values of 5cp 
for which one could establish CP violation as a function 
of the (true) sin^20i3. If we did not find sin^20i3 > in 
the next generation of experiments, it might the primary 
objective to optimize for as small sin^20i3 as possible. 
For CP violation, that strategy is illustrated in the shaded 



region 1 in Figure 1 , where one would optimize along the 
respective arrow. This case is mainly limited by statistics 
and systematics. If, however, sin^ 20i3 turned out to be 
large, then one would optimize the fraction of ^p, for 
example, along the arrow in region 3. In this case, the 
main hmitations are correlations among the oscillation 
parameters, such as with the matter density uncertainties 
(see, e.g., Ref. [19]). In addition, the relatively high en- 
ergy threshold above the interesting oscillation pattern 
affects the performance [14|. If, however, sin^20i3 was 
in region 2, one would optimize the fraction of 5cp. In 
that region, discrete degeneracies limit the performance. 
Since the fraction of 5cp for which one can measure CP 
violation is close cormected to the precision of at 
the CP conserving values, regions 2 and 3 correspond to 
an optimization of precision, whereas region 1 represents 
the discovery hmit. 

In this talk, we will discuss the optimization for re- 
gions 1, 2, and 3 separately. However, note that the 
next generation of experiments, such as superbeams 
and reactor experiments, will discover sin^ 20i3 only if 
sin^20i3 > 0.01 [20, 21]. In the discovery case, one will 
exactly know what sin^20i3 to optimize for If on the 
other hand sin'^ 2di3 is not discovered by these experi- 
ments, one will not know if sin^ 20i3 is in region 1 or 2. 
Therefore, if an decision has to be made at this point, a 
potentially contradictive optimization outcome between 
regions 1 and 2 will be very unfortunate. We will come 
back to this discussion in the conclusions. 



OPTIMIZATION OPTIONS 

Possible optimization options for a neutrino factory in- 
clude the baseline(s), the muon energy, the combination 
of different oscillation channels, an optimization of the 
detector, or a potential luminosity increase'. In addition, 
one could think of combinations with different experi- 
ment classes, such as superbeams [13, 22]. 

As potentially interesting appearance channels, we 
have the Ve — > ("silver") [23, 24] and — > Ve ("plat- 
inum") channels [25] in addition to the standard Ve — > 
("golden") channel [11, 12| using a magnetized iron 
calorimeter (MID).^ For the silver channel, one typically 
assumes an OPERA-like emulsion cloud chamber (ECC) 
as a detector. Note that the silver channel requires rela- 
tively high muon energies because of the T production 
threshold. In addition, one usually assumes that only the 
leptonic decay modes of the t can be observed. For this 
talk, we will adopt the optimistic point of view that the 
hadronic decay modes can be observed as well, and that 



In the following, we will refer to double luminosity by "2L". 
^ The different channels can also be operated with antineutrinos. 



one can built a lOkt detector called "Silver*". For the 
platinum channel, the problem is that the produced elec- 
trons start producing showers very quickly, which makes 
charge identification at high energies practically impos- 
sible in an iron calorimeter. Again, we adopt the opti- 
mistic point of view that a detector technology without 
that problem can be found (such as liquid argon), and 
call the detector "Platinum*" (for details, see Ref. [15]). 
Note that the platinum channel is the T-inverted channel 
to the "golden" Ve channel. In principle, it allows 

for a CP violation measurement without having to disen- 
tangle the 5cp effects from the matter effects (see, e.g., 
Ref. [26]). 

As for the detector optimization, a lower energy 
threshold may be achieved for the price of higher back- 
grounds [27]. This lower energy threshold would al- 
low for lower muon energies because the energy range, 
where the main oscillation effects take place, can be 
covered with a better efficiency. For example, for very 
large sin^20i3, it allows for muon energies as low as 
~ 4GeV, and leads to a re-optimization of the base- 
line [22, 28, 29]. This relatively new idea will be referred 
to as a "low energy neutrino factory". The the corre- 
sponding detector with a lower threshold will be called 
"Golden*" in the following. 

An interesting particular baseline option is the "magic 
baseline" (MB). It turns out that, two second order in 
sin 2013 and a = Air^^/Am^i, the dependence on ^p dis- 
appears at this baseline L ~ 7500 km independent of the 
oscillation parameter values and neutrino energy [30]. 
This effect can be used for a degeneracy-free measure- 
ment of sin^ 2013 and the mass hierarchy. The exact base- 
line depends on specifics of the matter density profile. 
However, in combination with a short baseline, the mat- 
ter profile dependence is negligible as long as the second 
basehne is long enough (7000km < L < 9000km) [31]. 

In some cases, we will compare the results with the 
Y = 350 beta beam from Ref. [32], called "Beta beam" in 
the following. 

OPTIJVIIZATION REGIONS 

In the following, we discuss the optimization along the 
arrows in Figure 1 for the three different regions in that 
figure. 

Region 1 (discovery for smallest sin^20i3): The si- 
multaneous baseline and muon energy optimization was 
discussed in Ref. [15] (see also Refs. [9, 11, 12, 33]). 
For the resolution of degeneracies and the mass hier- 
archy measurement, the magic baseline turns out to be 
the best choice, and for the CP violation measurement, 
a shorter baseline in a relatively broad window L ~ 
2000 — 5000km. Therefore, the combination of these 
two baseUnes is the currently discussed basehne setup 
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FIGURE 2. Comparison of options for CP violation (light 
bars, 3(7), mass hierarchy (medium gray bars, 3c7), and 
sin^20i3 discovery reaches (dark bars, 5(7). The figure shows 
the sin'^2013 reach for a CP fraction of 0.5 ("typical ^p"). All 
bars Figure taken from Ref. [15]. 



of a neutrino factory [34]. Figure 2 summarizes the re- 
sults for all three discovery reaches and for many differ- 
ent upgrade options. Note that the figure corresponds to 
the performance along the left arrow in Figure 1 . From 
Figure 2, the magic baseline and the improved detec- 
tion system are the key elements to improve the sin^ 20i3 
reach. The Golden* detector allows for muon energies as 
low as ~ 20GeV at the discovery limit without loss 
of physics potential [15]. 

Region 2 (precision for intermediate sin^20i3): A 
number of different optimization options in this case are 
compared in Figure 3, right panel. The conclusions are 
similar to the ones in region 1: magic baseline and im- 
proved detection system would clearly help. Compared 
to region 1, however, the sin^20i3 discovery turns out to 
be not a problem for almost any of the discussed options, 
and the discussion centers around the mass hierarchy and 
CP violation discoveries. One can also read off this fig- 
ure that the silver and platinum channels do have some 
degeneracy resolution potential. This, however, does not 
lead to a substantial physics potential increase beyond 
the use of magic baseline or improved detector anymore. 
Note that the usefulness of the magic baseline as a risk 
minimizer can be also seen in the 5cp [35] and sin^20i3 
precision [3 1] measurements. For example, a 5cp preci- 
sion of about 10 degrees can be achieved (1(7) indepen- 
dent of the true 8cp with a combination of two baselines. 
Such a precision comparable to the magnitude of the 



Cabibbo angle can, for example, be motivated in quark- 
lepton complementarity based models [36]. 

Region 3 (precision for large sin^ 2613): In this region, 
the value of sin^20i3 will be likely discovered soon, and 
the sin^20i3 discovery is not relevant for the optimiza- 
tion anymore. In addition, as one can see in Figure 3, 
left panel, the mass hierarchy can be easily determined 
for all possible values of 5cp. Therefore, the optimiza- 
tion is determined by CP violation. In principle, there are 
two options for a neutrino factory discussed in the liter- 
ature: A high energy option (E^ >20 — 50GeV), and a 
low energy option (E^ ~ 5 Ge V) if there are substantial 
improvements in the detection threshold (such as a dif- 
ferent detector technology can be used). 

Any optimization discussion of a neutrino factory for 
large sin^20i3 should take into account that there are 
competing experiments as well. For example, superbeam 
upgrades do have a similar physics potential and can be 
optimized, too (see, e.g., Refs. [37, 38] for an optimiza- 
tion discussion of different options). In addition, several 
higher gamma beta beam options have been discussed 
in the literature [39, 40, 32, 41, 42], which may even 
be competitive for smaller sin^20i3. Therefore, we will 
use several representatives of these experiment classes 
for comparison. 

For the optimization of the high neutrino energy op- 
tion, several possibilities are summarized in Figure 3, 
left panel. In addition to magic baseline and improved 
detector, the platinum channel helps in this region. How- 
ever, the Y = 350 beta beam shown for comparison has 
a very competitive physics reach. This comparison, of 
course, depends on the useful parent decays of the two 
different experiment classes, which are very difficult to 
compare until there are dedicated cost studies for both 
options. In addition to the possibilities discussed in Fig- 
ure 3, improved knowledge on the matter density profile 
helps for large sin^20i3. However, if different channels 
and baselines are combined, this knowledge becomes ob- 
solete [15], and, in fact, one can measure the average 
lower mantle density of the Earth at the level of 0.5% 
(1(7) with the very long baseline [31, 43, 44]. 

If the detection system can be improved and effort (in 
terms of muon energy) matters, the muon energy can be 
significantly reduced [22, 28, 29]. Several low energy 
neutrino factory options, as well as their optimization 
have been discussed in Ref. [22]. In particular, it may 
be an option to combine a neutrino factory with a super- 
beam directed to the same detector at the same baseline, 
which we call neutrino factory superbeam (NF-SB) [22]. 
This superbeam may even be produced in the same de- 
cay chain as the neutrino factory beam, or it may be pro- 
duced by using two targets. A schematics for such an 
experiment can be found in Figure 4. The main idea is 
to have a platinum-like Vfi Vg charmel with a spec- 
trum shifted towards lower neutrino energies compared 
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FIGURE 3. Comparison of options for CP violation (liglit bars, 3tT), mass iiierarchy (medium gray bars, 3a), and sin 20i3 
discovery reaches (dark bars, 5ct). The figures show the fraction of ("CP fraction") for a given true sin^20i3 (see figure 
captions). Figure taken from Ref. [15]. 
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FIGURE 4. Schematics of a NF-SB (not to scale). Our degrees of freedom are given by red/gray labels. Note that we adopt the 
conservative point of view that only half the muons can be collected for the NF. Figure from Ref. [22]. 



to the platinum spectrum (the platinum spectrum is al- 
ways peaking at higher energies compared to the golden 
channel because of the muon decay kinematics). In addi- 
tion, out-of -phase bunches will not require charge identi- 
fication of electrons at the detector Since the interesting 
oscillation pattern tends to appear at lower energies, the 
absolute performance of a NF-SB is better than for a neu- 
trino factory - even if the double luminosity is assumed 
for the neutrino factory alone (or only half of the muons 
can be collected for the neutrino factory mode). The op- 
timal baseUne is about 800 to 1 500km with > 5GeV 
and Epioi = 28 GeV. The NF-SB shows a very competi- 
tive behavior in the whole range 0.01 < sin^20i3 < 0.1, 
such as compared to a wide band superbeam upgrade us- 
ing a megaton-size water Cherenkov detector A similar 
result could be achieved for a low energy neutrino factory 
in combination with the platinum channel. That option. 



however, requires electron charge identification. 

SUMMARY AND CONCLUSIONS 

In the previous discussion, we have optimized the dif- 
ferent sin^20i3 regions for sin^20i3 < 0.01 separately 
(c/. Figure 1), because they correspond to different op- 
timization goals: maximum reach in sin^20i3 (discov- 
ery limit) versus maximal reach in (need for pre- 
cision). However, it has turned out that the regions 1 
and 2 have the same requirements: an improved detec- 
tion system and a second (very long) baseline turn out to 
be key components of an optimized neutrino factory for 
sin^ 2(^13 < 0.01. Since we will, most likely, not know 
how big sin'^2013 is when we have to make a decision 
for region 1 or 2, the similar optimization outcome turns 



out to be very fortunate. 

If sin^ 2 01 3 > . 1 , we will have established a nonzero 
sin^20i3 very soon by the planned reactor and super- 
beam experiments. In this case, there are two options for 
a neutrino factory which are very different from the ex- 
perimental point of view: They require different muon 
energies, different baselines, and, most importantly, a 
different detector As for the combination with different 
channels, it remains to be clarified how well the platinum 
channel (electron neutrino detection with charge identi- 
fication) can be implemented, and up to which energies. 
In sorting out the different options, the detector optimiza- 
tion and the test of different detector technologies are the 
key ingredients, and it should be one of the primary ob- 
jectives for the coming years. 

In this study, we have only focused on the optimization 
for the unknown neutrino oscillation parameters. How- 
ever, different requirements, such as the search for non- 
standard physics or sensitivity to deviations from maxi- 
mal atmospheric mixing, may lead to different optimiza- 
tions. In the future, one will need to study how these dif- 
ferent objectives fit together, and if there are any other 
unexplored experimental approaches. 
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